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Microtubule-based motor proteins provide essential forces
for bipolar organization of spindle microtubules and chro-
mosome movement, prerequisites of chromosome segrega-
tion during the cell cycle. Here, we describe the functional
characterization of a novel spindle protein, termed ‘‘CHICA,’’
that was originally identified in a proteomic survey of the
human spindle apparatus [1]. We show that CHICA localizes
to the mitotic spindle and is both upregulated and phosphor-
ylated during mitosis. CHICA-depleted cells form shorter
spindles and fail to organize a proper metaphase plate,
highly reminiscent of the phenotype observed upon deple-
tion of the chromokinesin Kid, a key mediator of polar
ejection forces [2–6]. We further show that CHICA coimmu-
noprecipitates with Kid and is required for the spindle local-
ization of Kid without affecting its chromosome association.
Moreover, upon depletion of either CHICA or Kid (or both
proteins simultaneously), chromosomes collapse onto the
poles of monastrol-induced monopolar spindles. We con-
clude that CHICA represents a novel interaction partner of
the chromokinesin Kid that is required for the generation
of polar ejection forces and chromosome congression.
Results and Discussion
CHICA Is a Cell-Cycle-Regulated Spindle Component
C20Orf129 was previously identified as a putative spindle
component in a mass-spectrometry-based spindle inventory
[1]. In this study we confirm that C20Orf129 interacts with the
mitotic spindle and, moreover, uncover a functional interaction
with the chromokinesin Kid. Hence, hereafter we refer to
C20Orf129 as CHICA (Spanish for ‘‘girl,’’ partner of Kid). As
shown by indirect immunofluorescence microscopy with an
anti-CHICA antibody (Figure S1 available online), endogenous
CHICA is primarily cytoplasmic during interphase but, begin-
ning in prophase, associates with spindle microtubules, par-
ticularly the region close to the poles of the forming bipolar
spindle (Figure 1A). CHICA then persists on spindle microtu-
bules through metaphase and anaphase (Figure 1A and
Figure S1C). No spindle staining was observed with preim-
mune IgGs (Figure S1C) or after depletion of CHICA by siRNA
(Figure 1D). These data demonstrate that CHICA is a genuine
component of the mitotic spindle. In line with this conclusion,
we note that recombinant CHICA, purified from E.coli, was
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Netherlands.able to bind to taxol-stabilized microtubules (MTs) in vitro
(Figure S1F), suggesting that CHICA might interact directly
with MTs.
In Western blots the anti-CHICA antibody recognized a band
around 65 kDa (the expected molecular mass) in interphase
cells, but a doublet in M phase samples (Figures S1D and
S1E). This mitotic modification most likely reflects phosphory-
lation, as indicated by its sensitivity to alkaline phosphatase
(Figure S1G). Immunoblot analyses of extracts prepared
from synchronized HeLa S3 cells further demonstrate that
CHICA is more abundant during M phase than interphase
(Figure S1D), in line with a previous microarray analysis [7].
Taken together, endogenous CHICA is a spindle-associated
protein that accumulates during mitosis and is regulated by
phosphorylation, suggesting a role in spindle function.
CHICA-Depleted Cells Fail to Establish a Proper
Metaphase Plate
To explore the function of CHICA during mitosis, the protein
was depleted from HeLa S3 cells. As compared to cells trans-
fected with a control oligonucleotide (GL2), two different
specific siRNA oligonucleotides (CHICA-1 and CHICA-2) effi-
ciently depleted CHICA (Figures 1B and 1D), whereas the kine-
sin-related motor Eg5, analyzed for control, was unaffected
(Figure 1B). CHICA depletion caused an increase in mitotic
index (Figure 1C) due to a spindle checkpoint-dependent mi-
totic delay (Figure 1C) but no permanent mitotic arrest. Most
remarkably, depletion of CHICA resulted in abnormal chromo-
some congression (Figure 1D), so that w50% of cells never
accomplished a full alignment of all chromosomes (Figure 1E).
Although bipolar spindles formed in CHICA-depleted cells,
a slight but significant decrease in the pole-to-pole distance
was observed (ca. 12% reduction; data not shown) and in
25%–30% of CHICA-depleted cells the spindle poles ap-
peared less focused (see open arrows in Figure 1D). Most
interestingly, chromosomes failed to congress, with chromo-
some arms often extending abnormally along the direction of
the spindle axis (see arrow in Figure 1D).
An analysis of GL2 or CHICA-depleted HeLa S3 cells carry-
ing histone H2B-GFP by live-cell imaging (Figures 2F and 2G,
Figure S2, and Movies S1–S3) confirmed that CHICA-depleted
cells require substantially more time from nuclear envelope
breakdown (NEBD) to anaphase onset (on average 134 min
and 107 min for CHICA-1 and CHICA-2, respectively) than con-
trol cells (GL2: 60 min) (Figure 1F and Figure S5). Furthermore,
the chromosomes of CHICA-depleted cells failed to congress
to a tight metaphase plate. Ultimately, most cells did undergo
anaphase and subsequent cytokinesis, although many of the
reforming nuclei showed irregular shapes (data not shown).
Thus, depletion of CHICA caused a significant delay in early
mitosis due to problems with chromosome alignment and
formation of a proper metaphase plate.
CHICA-Depleted Cells Show No Significant
Defect in K Fiber Stability
In principle impaired chromosome congression could reflect
defects in the functionality of kinetochore MTs (K fibers) [8].
However, CHICA localizes preferentially to nonkinetochore
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724Figure 1. CHICA Localizes to the Mitotic Spindle, and Its Depletion Delays Mitosis and Causes Chromosome Congression Defects
(A) Immunofluorescence images of HeLa S3 cells at different cell-cycle stages stained with antibodies against CHICA (red), a-tubulin (green), and DAPI
(blue). Bars = 10 mm.
(B) Western blotting of mitotic HeLa S3 cells treated with GL2 (control) siRNA oligonucleotide or two independent oligonucleotides targeting CHICA (CHICA-1
and CHICA-2, respectively). Membranes were probed for CHICA and for Eg5 and a-tubulin as controls.
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725MTs, as suggested by the near-exclusive localization of
Myc-CHICA and the K fiber marker HURP (Figure S3A) [9, 10].
Upon exposure of GL2-, CHICA-, and HURP-depleted cells
to a 20 min cold treatment [11], CHICA staining was almost
completely abolished, consistent with the depolymerization of
nonkinetochore MTs, whereas HURP persisted on the cold-
resistant K fibers (Figure S3B). Furthermore, cold treatment
resulted in the rapid disappearance of most K fibers from
HURP-depleted cells as expected [10], but not from CHICA-de-
pleted cells (Figure S3B). Finally, CHICA depletion did not cause
a significant reduction in interkinetochore distances when
compared to GL2-treated cells, whereas nocodazole- or taxol-
treated cells showed the expected decrease in inter-KT dis-
tance (Figure S3C). Together, all these data argue against a
critical role for CHICA in the formation or function of K fibers.
CHICA Depletion Impairs the Functionality
of the Chromokinesin Kid
Next, we considered the possibility that the failure of CHICA-
depleted cells to fully align their chromosomes might result
from a lack of polar ejection forces (also known as ‘‘polar
wind’’). These forces reflect the action of kinesin-related mo-
tors that push chromosome arms away from the spindle poles
[12–15]. In vertebrates the polar ejection force is primarily due
to the chromokinesin Kid, a plus-end-directed motor [2, 5] that
localizes to the nucleus in interphase cells but to both chromo-
somes and the spindle during mitosis (Figure S4A) [2, 6, 16].
Highly reminiscent of the CHICA siRNA phenotype, the
depletion of Kid (Figure S4B) also resulted in the failure of
chromosome arms to align in a proper metaphase plate (Figur-
e S4C), as described previously [16, 17]. Live-cell imaging
further revealed that Kid-depleted cells were delayed in mito-
sis (Kid siRNA: 120 min, from NEBD to anaphase onset; as
compared to GL2: 60 min) (Movie S4 and Figure S4D), highly
reminiscent of the mitotic delay seen in CHICA-depleted cells
(Figure S5A). Simultaneous depletion of CHICA and Kid did not
further prolong the time required for early mitosis, suggesting
that both proteins act in the same pathway (Movies S5 and S6
and Figure S5).
To explore whether CHICA might cooperate with Kid in
generating polar ejection forces, we took advantage of the
observation that chromosomes collapse toward the center of
a monopolar spindle when polar ejection forces are disturbed
[2]. Monopolar spindles were created by treating CHICA- or
Kid-depleted cells with monastrol, a small-molecule inhibitor
of Eg5 [18]. Whereas the chromosome formed a ring distant
from the spindle monopole in monastrol-treated (GL2-de-
pleted) cells, they collapsed onto the pole in response to either
depletion of CHICA or Kid (Figures 2A and 2B). Tracing the in-
tensities of the DAPI staining across the monopolar spindles
clearly revealed a chromosome-free zone around the pole in
the GL2 control, but not in the cells lacking either CHICA or
Kid (Figure 2C), suggesting that both proteins are required
for generation of a polar ejection force. Quantification of theaverage distances between kinetochores and each monopole
(Figures 2D and 2E) in either CHICA- or Kid-depleted, monas-
trol-treated cells revealed a significant clustering of kineto-
chores around the poles, indicating that spindle length is
shortened in response to loss of either protein. This observa-
tion is in excellent agreement with a previous report of spindle
shortening in response to Kid depletion [16]. Thus, with regard
to all parameters analyzed, the phenotype observed upon
depletion of CHICA is indistinguishable from that seen in
Kid-depleted cells (see also [2, 16, 17]), strongly arguing for
an important functional interaction between these proteins.
CHICA Is Required to Localize Kid to the Mitotic Spindle
Reciprocal coimmunoprecipitation experiments revealed that
CHICA and Kid interact in vivo. The interaction occurred at
endogenous protein levels and could readily be visualized in
nocodazole-arrested cells, indicating that it is independent
of MTs (Figure 3A). Moreover, a substantial fraction of each
protein, albeit not the entire population, engaged in the com-
plex (Figure 3A). Remarkably, depletion of CHICA completely
abolished the spindle association of Kid (Figure 3B), although
it did not impair Kid levels or chromatin-association (Figures
S6A and S6B). Conversely, depletion of Kid did not affect ei-
ther CHICA levels or localization (Figures S6A and S6C). Dem-
onstrating the specificity of the dependency of Kid localization
on CHICA, the partial depletion of Hec1 did not affect Kid local-
ization (Figure 3B) even though it produced a similar chromo-
some congression defect [19, 20], and CHICA depletion did not
affect the localization of Eg5, another spindle-associated
motor (Figure S6D). These data strongly indicate that CHICA
is required for targeting Kid to spindle MTs.
To corroborate the above conclusion, we examined aster-
like mitotic arrays produced by the addition of taxol to lysates
from mitotic HeLa S3 cells [21]. Whereas both CHICA and Kid
associated with mitotic asters in control lysates, CHICA deple-
tion virtually abolished the association of Kid with aster MTs,
whereas the localization Eg5, analyzed for control, was unaf-
fected (Figure 3C). Furthermore, both CHICA and Kid cofrac-
tionated when taxol-stabilized MTs were pelleted from control
cells, but levels of both proteins were proportionately reduced
in these pellets upon depletion of CHICA (Figure 3D). These
data demonstrate that Kid depends on CHICA for efficient
binding to spindle MTs.
To provide further evidence for a direct link between CHICA
and Kid function, we sought to establish a correlation between
the Kid-binding capacity of CHICA mutants and their ability to
rescue Kid localization. To this end Myc-tagged CHICA con-
structs were transfected into cells depleted of endogenous
CHICA (Figures S7A and S7B). Both full-length CHICA (Myc-
FL, aa 1–585) and a C-terminal fragment (Myc-C, aa 340–585)
were able to coimmunoprecipitate endogenous Kid, but an
N-terminal fragment (Myc-N, aa 1–339) failed to bind to Kid
(Figure 4A). Concomitantly, both full-length CHICA and the
C-terminal fragment localized to the spindle and restored Kid(C) Bar graph showing the mitotic index from cells cotransfected with GL2 (control), CHICA-1, or CHICA-2 siRNA with or without BubR1 siRNA, respectively
(>200 cells per condition were counted in three independent experiments). Error bars represent standard deviations (SD).
(D) Cells treated with GL2 (control), CHICA-1, or CHICA-2 siRNA for 48 hr were fixed and permeabilized. Cells were stained to detect CHICA (red), a-tubulin
(green) and the DNA (blue). Bars = 10 mm. Open arrows show unfocused poles and closed arrows show arms extended in the direction of the spindle axis.
(E) Bar graph showing the percentage of cells with bipolar spindles having uncongressed chromosomes upon GL2 (control), CHICA siRNA-1 or siRNA-2 de-
pletion. (n = 3,w100 cells per experiment). Error bars represent SD.
(F) Box-and-whisker plot showing the time spent in mitosis after GL2 treatment (control) or siRNA-mediated depletion of CHICA by oligonucleotide 1 or 2.
(n = 3, >50 cells per experiment, p < 0.0001; see also Figure S5).
(G) Representative stills from movies of GL2-treated (control) and CHICA-depleted cells. Time is shown in h:min. Time = 0 min indicates the onset of
chromosome condensation.
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726Figure 2. Clustering of Chromosomes and Kinetochores upon CHICA or Kid Depletion
(A) Bar graph showing the percentage of GL2 (control) and CHICA-depleted cells that showed collapsed chromosomes upon monastrol treatment. (n = 3,
w100 cells per condition). Error bars represent SD.
(B) GL2-treated (control), CHICA-depleted, and Kid-depleted cells were treated with 150 mM monastrol for the last 12 hr of the siRNA treatment, fixed, and
processed for staining of DNA by DAPI (blue). Bars = 10 mm.
(C) The fluorescence intensity of the DAPI staining was measured in five cells each after treatment with GL2 (control) or depletion of CHICA or Kid. Fluores-
cence was measured along a 12 mm long line spanning the cell diameter and the average was plotted. Error bars represent SD.
(D) Images of representative monopolar cells from GL2-treated (control) as well as CHICA- and Kid-depleted cells. Cells (treated as in [B]) were processed for
immunofluorescence staining with antibodies against CREST (green) and pericentrin (red). DNA was stained with DAPI (blue). Bars = 10 mm.
(E) The distances between the pole and the ten kinetochores furthest away from the pole in each cell were measured as depicted in the figure and plotted for
each siRNA condition. Cells were treated as described in Figure 2B, fixed, and stained with antibodies against pericentrin and CREST serum. Bars = 10 mm.
The projection of five Z stacks was used for quantification. (n = 3,w20 cells were counted per condition). Error bars represent SD.localization to the spindle, whereas the N-terminal fragment
localized diffusely throughout the cytoplasm and failed to res-
cue Kid localization (Figure 4B). Expression of either full-length
CHICA or the C-terminal fragment, but not the N-terminal frag-
ment, also rescued the chromosome congression defect
observed in CHICA-depleted cells (Figure 4C). Finally, when
either full-length CHICA or the C-terminal fragment was
expressed in CHICA-depleted, monastrol-treated cells, chro-
mosomes arranged in a typical ring-like pattern at some dis-
tance from the pole, whereas they collapsed onto the pole in
response to expression of the N-terminal CHICA (Figures 4D
and 4E). Taken together, these data demonstrate that the abil-
ity of CHICA proteins to bind to Kid correlates with their ability
to confer correct Kid localization and function.Our data concur to identify CHICA as an important regulator
of Kid localization and function. To generate a polar ejection
force, Kid needs to interact with both spindle MTs and chro-
mosome arms. Specifically, this motor is thought to ‘walk’
along nonkinetochore MTs to shepherd chromosome arms
(its cargo) toward the equator, thereby contributing to chromo-
some congression. Although the motor domain of Kid is
expected to bind MTs, we show here that efficient interaction
between Kid and spindle MTs requires CHICA. Together with
recent evidence indicating that the importin a/b complex is
required for loading of Kid onto chromosomes [22] and that
the distribution of Kid between spindle MTs and chromo-
somes is affected by phosphorylation [23], these data demon-
strate that Kid is subject to multiple layers of control. Although
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727Figure 3. The Spindle Localization of Kid Depends on CHICA
(A) Lysates prepared from nocodazole-treated HeLa S3 cells were used for immunoprecipitations with anti-CHICA, anti-Kid, and rabbit IgGs (negative
control), respectively. Lysates, immunoprecipitates, and supernatants were separated by SDS-PAGE and probed by Western blotting with anti-CHICA,
anti-Kid, and anti-Eg5 antibodies.
(B) Cells treated with GL2 (control), CHICA, or Hec1 siRNA for 48 hr were fixed and permeabilized with PTEMF. Cells were stained to detect Kid (red),
a-tubulin (green), and DNA (blue). Bars = 10 mm.
(C) Mitotic HeLa S3 cell extracts were treated with GL2 (control) or CHICA siRNAs. Extracts were incubated with taxol and ATP at 33C for 1 hr to promote
aster assembly before being spun onto coverslips through a glycerol cushion. Then, the extracts were fixed and stained with antibodies against CHICA, Kid,
Eg5, and a-tubulin. Bars = 10 mm.
(D) Mitotic HeLa S3 cell extracts were processed as described above and then centrifuged to pellet MTs and MT-bound proteins. The lysate, supernatant,
and pellet of each extract were separated by SDS-PAGE and probed by immunoblotting for Kid, CHICA, Eg5, a-tubulin, and cyclin B1. The amount of protein
(normalized against the amount of a-tubulin) bound to MTs in CHICA-depleted cells compared to GL2-treated (control) cells was quantified and plotted in
a bar graph. Results represent averages from three independent experiments. Error bars represent SD.
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728Figure 4. Rescue of Kid Localization and Function by a C-Terminal Fragment of CHICA
(A) Lysates prepared from nocodazole-treated 293T cells expressing an empty Myc plasmid (Myc-empty), Myc-tagged full-length CHICA (Myc-FL) or
N- (Myc-N) and C-terminal (Myc-C) fragments of CHICA in a siRNA background were subjected to immunoprecipitation with anti-Myc (9E10) antibody.
Lysates and immunoprecipitated proteins were separated by SDS-PAGE and probed by Western blotting with anti-Myc (9E10) and anti-Kid antibodies.
(B) Cells were depleted of CHICA with a 30UTR siRNA oligonucleotide and transfected with the indicated Myc-tagged versions of CHICA. Then they were
fixed and processed for immunofluorescence staining with antibodies against Myc (red), a-tubulin (far red), Kid (green), and DNA (blue). Bars = 10 mm.
(C) Bar graph showing the percentage of cells with bipolar spindles and uncongressed chromosomes after transfection with the indicated Myc-tagged
CHICA constructs in a siRNA background (n = 3,w100 cells per experiment). Error bars represent SD.
(D) Cells depleted of CHICA using a 30UTR siRNA oligonucleotide were transfected with the same versions of Myc-tagged CHICA as described in (B) and (C)
and treated with 150 mM monastrol for the last 3 hr after a 6 hr thymidine release. Then, they were fixed and processed for immunofluorescence staining with
antibodies against Myc (red) and CREST serum (green). DNA was stained with DAPI (blue). Images show representative monopolar cells. Bars = 10 mm.
(E) The fluorescence intensity of DAPI staining was measured in ten cells treated as described in (B). Intensities were measured along 12 mm long lines
covering the cell diameters, and all data points within a cell were normalized to their maximum value (= 100%) and plotted in a graph. The graph shows
averages from three independent experiments. Error bars represent SD.
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729a thorough understanding of how CHICA facilitates Kid binding
to MTs will, presumably, have to await structural information
on the Kid-CHICA complex, our data indicate that CHICA is re-
quired for Kid functionality with regard to both the generation
of polar ejection forces (and, hence, chromosome congres-
sion) and the proposed role of Kid in spindle maintenance
[16]. In fact CHICA depletion did not only cause the collapse
of chromosomes onto a monopole in monastrol-treated cells
but also spindle shortening. One plausible explanation for
our results is that CHICA modulates a second MT-binding
site on Kid that is thought to enhance microtubule affinity
and confer bundling ability [16, 24]. Interestingly, yet another
function for Kid, a role in chromosome compaction during ana-
phase, was recently reported [25]. In this context, it is intrigu-
ing that the localization of CHICA in anaphase cells (Figure 1A)
closely resembles that described for Kid [25]. Furthermore,
malformed nuclei were frequently observed in CHICA-
depleted cells (data not shown), suggesting that the function
of Kid in chromosome compaction also could be modulated
by CHICA.
Nonmotor proteins often contribute to spindle organization
by influencing motor functionality, either directly or indirectly
[26]. CHICA represents a striking example of a nonmotor
protein required for correct mitotic localization and function
of a chromokinesin. The Kid-related role of CHICA plausibly
explains most of the phenotypic features observed in
CHICA-depleted cells. Nevertheless, it would be premature
to exclude additional functions for CHICA.
Supplemental Data
Supplemental Results, Supplemental Experimental Procedures, seven
figures, and six movies are available at http://www.current-biology.com/
cgi/content/full/18/10/723/DC1/.
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